To assess the effects of inhibiting both tumor necrosis factor (TNF)-␣ production and xanthine oxidase activity on the inflammatory response, mitogen-activated protein kinase (MAPK) activation and mortality in necrotizing acute pancreatitis in rats. Summary Background Data: Pancreatic injury triggers 2 major pathways involved in the systemic effects of severe acute pancreatitis: pro-inflammatory cytokines and oxidative stress. Methods: Pancreatitis was induced by intraductal infusion of 3.5% sodium taurocholate. We examined whether treatment with oxypurinol, a specific inhibitor of xanthine oxidase, and/or pentoxifylline, an inhibitor of TNF-␣ production, affects pancreatic damage, ascites, lung inflammation, and MAPK phosphorylation. Results: Oxypurinol prevented p38 phosphorylation in the pancreas and partially avoided the rise in lung myeloperoxidase activity. Pentoxifylline prevented erk 1/2 and JNK phosphorylation in the pancreas, and it partially reduced ascites and the rise in lung myeloperoxidase activity. Combined treatment with oxypurinol and pentoxifylline almost completely abolished ascites, MAPK phosphorylation in the pancreas, and the increase in lung myeloperoxidase activity. Histology revealed a reduction in pancreatic and lung damage. These changes were associated with a significant improvement of survival. Conclusions: Simultaneous inhibition of TNF-␣ production and xanthine oxidase activity greatly reduced local and systemic inflam-matory response in acute pancreatitis and decreased mortality rate. These effects were associated with blockade of the 3 major MAPKs.
S ystemic complications are the most important contributors to multiple organ failure and death during the first stages of severe acute pancreatitis (AP). 1 The relationship between pancreatic injury and this uncontrolled systemic response is not completely understood. However, experimental and clinical evidence has shown the involvement of different mechanisms triggering the systemic response in AP: cytokines, 2 platelet activating factor, 3 oxygen free radicals, 4, 5 proteolytic enzymes, 6 phospholipase A2, 7 and the complement system. 8 Among them, pro-inflammatory cytokines and oxidative stress seem to be critically involved in the development of local and systemic complications associated with severe AP. 9, 10 Serum levels of pro-inflammatory cytokines, such as TNF-␣, IL-1␤, and IL-6, increase during the course of AP, and these levels appear to be correlated with the severity of pancreatic inflammation. [11] [12] [13] [14] [15] TNF-␣ may be an initiator of the cytokine cascade, because it induces the synthesis and release of other cytokines and the activation of alveolar macrophages. 16 Pretreatment with an antibody against TNF-␣ or blockade of TNF-␣ production with pentoxifylline ameliorates experimental AP. [17] [18] [19] Moreover, in knockout mice deficient in TNF-␣ receptors, the rate of mortality due to necrotizing AP decreased because the systemic response was restrained. 10 The role of oxidative stress in AP has been evidenced indirectly by the beneficial effects of antioxidants 20 -24 as well as directly by pancreatic glutathione depletion and increased lipid peroxidation. 22, 23 Furthermore, circulating xanthine oxidase (XO) released by the damaged pancreas acts as a source of systemic oxidative stress contributing to lung inflammation through a mechanism mediated by up-regulation of P-selectin. 25 Therefore, pancreatic injury seems to trigger at least 2 different pathways: pro-inflammatory cytokines and oxidative stress; both are involved in the systemic effects of AP. Those treatments blocking exclusively 1 of these pathways have shown only slight beneficial effects in experimental AP. Nevertheless, combined treatment by simultaneous blocking of both pathways has not been tested so far.
Mitogen-activated protein kinase (MAPK) signaling cascades are induced by pro-inflammatory cytokines and stress stimuli, mediating most of their effects on the immune response and cell death. 26 -28 Three major families of MAPKs have been found so far in mammalian cells: p38, extracellular signal-regulated kinase (erk 1/2), and c-Jun NH 2 -terminal protein kinase (JNK). Cholecystokinin and other pancreatic secretagogues, such as cerulein, activate all these MAPKs in the pancreas. 29 -32 Among them, p38 has been involved in the severity of pancreatitis and in the respiratory distress syndrome associated with AP. Indeed, inhibition of p38 decreased pancreatic and pulmonary injury in severe AP in rats. [33] [34] The aim of the present study was to assess the effects of simultaneous inhibition of TNF-␣ production and XO activity on the pancreatic and systemic inflammatory response and MAPK activation in necrotizing AP in rats.
MATERIALS AND METHODS

Experimental Model
Male Wistar rats (250 -300 g body weight) were used. All animals received human care according to the criteria outlined in the "Guide for the Care and Use of Laboratory Animals" prepared by the National Academy of Sciences and published by the National Institutes of Health (NIH publication 86-23, revised 1985). The Research Committee of the School of Medicine (University of Valencia, Spain) approved the study protocol. They were fed on a standard laboratory diet and tap water ad libitum and were subjected to a 12 hours light-dark cycle.
Animals were anesthetized with an intraperitoneal administration of ketamine (80 mg/kg body weight) and acepromazine (2.5 mg/kg body weight). The biliopancreatic duct was cannulated through the duodenum, and the hepatic duct was closed by a small bulldog clamp. Pancreatitis was induced by retrograde injection into the biliopancreatic duct of sodium taurocholate (3.5%; Sigma, St Louis, MO) in a volume of 0.1 mL/100 g body weight using an infusion pump (Harvard Instruments).
Study Design
In a first series of experiments, the development of local and systemic effects in this particular model of experimental AP was investigated to determine a single time point for assessing the effects of treatments. Therefore, the time course of the following inflammatory and oxidative stress parameters was performed: serum TNF-␣, lung myeloperoxidase (MPO) activity, and plasma XO activity. Samples were obtained at 0, 1, 3, 6, and 9 hours after intraductal infusion of taurocholate, immediately frozen and maintained at Ϫ80°u ntil assayed. Blood samples were obtained from the inferior cava vein by direct puncture. For histologic studies, pieces of the lung and of the central body of pancreas were also obtained. Serum lipase activity was measured to confirm the appropriate induction of pancreatitis.
In the second series of experiments, we assessed the effects of treatment with oxypurinol, as an inhibitor of XO, and pentoxifylline, as an inhibitor of TNF-␣ production, at a time point when the inflammatory process was firmly established in both pancreas and lung. This time point was selected according to results of the first series of experiments. Treatments were administered immediately after taurocholate infusion. Animals were distributed in the following groups:
• Control (C): Infusion of 0.9% NaCl into the biliopancreatic duct (0.1 mL/100 g) and into the femoral vein (0.066 mL/min for 30 minutes). • AP: Infusion of 3.5% sodium taurocholate into the biliopancreatic duct and saline solution into the femoral vein (0.066 mL/min for 30 minutes). • AP ϩ Oxypurinol (O): Infusion of 3.5% sodium taurocholate into the biliopancreatic duct and 5 mM oxypurinol into the femoral vein (0.066 mL/min for 30 minutes). • AP ϩ Pentoxifylline (P): Infusion of 3.5% sodium taurocholate into the biliopancreatic duct and pentoxifylline (12 mg/kg body weight) into the femoral vein (0.066 mL/min for 30 minutes). • AP ϩ Oxypurinol ϩ Pentoxifylline (OP): Infusion of 3.5% sodium taurocholate into the biliopancreatic duct and 5 mM oxypurinol and pentoxifylline (12 mg/kg body weight) into the femoral vein (0.066 mL/min for 30 minutes).
Volume of ascites as well as all the same parameters studied in the first series of experiments were measured.
In the third series of experiments, we assessed the effects of treatment with oxypurinol and pentoxifylline on phosphorylation of the 3 major families of MAPKs, ie, p38, erk 1/2, and JNK, as an index of their activation. Animals were distributed in the same groups as the previous series.
Eventually, a fourth series of experiments was performed to evaluate if the treatment showing maximal response was able to reduce mortality in our model of AP. Hence, the mortality rate was determined in 2 groups of animals (30 rats each one), ie, AP and AP plus treatment.
Assays
Lipase Activity
Serum lipase activity was determined by the LIPASE-PS kit (Sigma Diagnostics, Lyon) according to the supplier's specifications. 
Measurement of Ascites
Ascites was evaluated by measuring the liquid removed from the peritoneal cavity. This procedure was performed immediately after re-laparotomy, just before obtaining blood and tissue samples.
Total TNF-␣
Total tumor necrosis factor (TNF)-␣ levels were measured in serum using the ChemiKine TNF-␣ EIA Kit (Chemicon International, Temecula, CA) that measures both TNF-␣ free and bound to proteins.
Myeloperoxidase
MPO was measured photometrically using 3,3Ј,5,5Јtetramethylbenzidine as a substrate. 35 Samples were homogenized with 0.5% hexadecyl-trimethylammonium bromide in 50 mM phosphate buffer, pH 6.0. Homogenates where then processed as previously described by Closa et al. 16 Enzyme activity was assessed photometrically at 630 nm. The assay mixture consisted of 20 mL of supernatant, 10 mL of tetramethylbenzidine (final concentration, 1.6 mM) dissolved in DMSO, and 70 mL H 2 O 2 (final concentration, 3.0 mM) dissolved in 80 mM phosphate buffer, pH 5.4.
Xanthine Oxidase
Plasma XO activity was measured in plasma by fluorometry as described by Beckman et al. 36 This enzyme activity was determined at 37°C using 1 mM pterin as substrate in 50 mM phosphate buffer, pH 7.4, containing 0.1 mM EDTA. Excitation and emission wavelength were 345 nm and 390 nm, respectively.
Phosphorylation of MAPKs
Phosphorylation of p38, erk 1/2 (p42/p44), and JNK were determined by Western blotting and chemiluminescence detection using the Phototope-HRP Detection kit (Cell Signaling Technology, Inc., Beverly, MA). The following antibodies purchased from Cell Signaling Technology were used: Phospho-p38 MAPK (Thr 180/Tyr 182), phospho-p44/42 MAPK (Thr 202/Tyr 204), and phospho-SAPK/JNK (Thr183/Tyr 185) antibodies.
Histologic Studies
Pancreas pieces were rapidly removed and fixed in 10% buffered formalin. The left lung was first perfused by its main bronchus with 10% buffered formalin up to a standard volume, according to the thoracic cavity, to avoid pulmonary collapse; lung pieces were then rapidly removed and placed in 10% buffered formalin. Pancreas and lung pieces were subsequently embedded in paraffin, cut, and stained with hematoxylin and eosin. Assessment of tissue alterations with light microscopy was conducted by an experienced pathologist who was unaware of the treatments used. A combined histologic scoring of sever-ity associated with AP was obtained for pancreas and lung as previously described by Norman et al. 37 
Statistical Analyses
Results are expressed as mean Ϯ SD with the number of experiments given in parentheses. Statistical analyses was performed in 2 steps. One-way analysis of variance (ANOVA) was performed first. When the overall comparison of groups was significant, differences between individual groups were investigated by the Tukey method. Differences were considered to be significant at P Ͻ 0.05. Statistical analyses of the mortality study were performed with the Kaplan-Meier curve and log-rank test. Differences were considered to be significant at P Ͻ 0.05.
RESULTS
Time Course
The time course of inflammatory and oxidative stress parameters was evaluated in taurocholate-induced AP to determine a single time point for assessing the effects of treatments. The appropriate induction of AP was demonstrated by histology and elevation of serum lipase activity (results not shown). Figure 1A shows that serum total TNF-␣ levels increased at 1 hour after the induction of AP (P ϭ 0.002) and remained high at 3, 6, and 9 hours (P ϭ 0.013, 0.001, and 0.015, respectively). Lung MPO activity was measured as a marker of pulmonary inflammatory response. Figure 1B shows that MPO activity was significantly elevated at 3, 6, and 9 hours after induction (P ϭ 0.049, 0.02, 0.031, respectively). Accordingly, histology showed a marked neutrophil infiltration in the lung.
Regarding oxidative stress parameters, XO activity was determined in plasma in the course of AP as an important pro-oxidant mechanism involved in this disease. Figure 1C shows that plasma XO activity was significantly higher at 1 and 3 hours after the induction of AP (P ϭ 0.0001 and 0.008, respectively), whereas it returned to control values at 6 hours and thereafter.
Serum TNF-␣ levels, lung MPO activity and plasma XO activity were also measured in sham-operated rats 1, 3, 6, and 9 hours after surgery, and they were not significantly different from those obtained in control rats at 0 hours (results not shown).
AP Treatment by Inhibition of XO and TNF-␣ Production
The effects of AP treatment with oxypurinol, a specific inhibitor of XO, and pentoxifylline, an inhibitor of TNF-␣ production, were evaluated 6 hours after pancreatitis induction, when the systemic inflammatory process was firmly established in both pancreas and lung.
Oxypurinol administration, either alone or in combination with pentoxifylline, completely inhibited plasma XO activity in our experimental conditions (ie, it was non-detectable). On the other hand, pentoxifylline completely prevented the rise in total TNF-␣ levels in plasma at 1 hour after AP induction (6.5 Ϯ 0.9 in the AP group versus 2.5 Ϯ 1.3 ng/ml with pentoxifylline; n ϭ 4 -5) and at 6 hours (6.7 Ϯ 1.0 versus 2.7 Ϯ 1.6 ng/ml; n ϭ 4). As expected, this level of prevention was also observed with the combined treatment ͓TNF levels were 1.5 Ϯ 1.0 ng/ml at 1 hour and 1.4 Ϯ 1.0 ng/ml (n ϭ 3) at 6 hours; P ϭ 0.0001 versus the AP group in both cases͔.
Serum lipase activity increased markedly (22-fold; P Ͻ 0.01) at 6 hours after AP induction ͓47 Ϯ 19 U/L (n ϭ 5) in controls versus 1050 Ϯ 203 U/L (n ϭ 8) in the AP group; P ϭ 0.0001͔. This rise was not prevented by either oxypurinol treatment ͓1062 Ϯ 391 U/L (n ϭ 4)͔ or pentoxifylline ͓945 Ϯ 356 U/L (n ϭ 7)͔ when given alone. However, when rats were treated simultaneously with oxypurinol and pentoxifylline, serum lipase activity was significantly lower, 64% FIGURE 2. Effects of treatment with oxypurinol and pentoxifylline on the volume of ascites (A) and on lung MPO activity (B) 6 hours after induction of AP in rats. Abbreviations: C, control rats; AP, rats with taurocholate-induced AP; O, rats with AP treated with oxypurinol; P, rats with acute pacreatitis treated with pentoxifylline; OP, rats with AP receiving the combined treatment with oxypurinol and pentoxifylline. The number of experiments was 5-7. Results are expressed as mean Ϯ SD. Statistical difference is indicated as follows: * P Ͻ 0.05, ** P Ͻ 0.01 versus control group; ## P Ͻ 0.01 versus taurocholate group.
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TNF-␣ and XO Inhibition in AP less (P ϭ 0.0001), than in the AP group without therapy. Indeed, serum lipase activity was only 375 Ϯ 82 (n ϭ 5) in rats with AP receiving the combined treatment. The volume of ascites was 2.9 Ϯ 0.9 mL at 6 hours after AP induction (P ϭ 0.0001 versus the control group), and this was not modified by oxypurinol treatment (Fig. 2 A) . However, pentoxifylline administration significantly reduced the volume of ascites by 53% (P ϭ 0.008), and the simulta-neous treatment with oxypurinol and pentoxifylline reduced ascites almost completely (90%; P ϭ 0.0001).
The effects of treatments on MPO activity in lung are depicted in Figure 2B . While the sole administration of pentoxifylline or oxypurinol did not abolish the increase in this enzyme activity, the combined therapy was able to prevent the increase in lung MPO activity associated with AP (P ϭ 0.0001). Figs. 3 and 4) showed that administration of oxypurinol or pentoxifylline reduced partially interstitial edema in pancreas as well as polymorphonuclear (PMN) infiltrate in both pancreas and lung. The combined treatment with oxypurinol and pentoxifylline almost completely prevented all the inflammatory features studied, ie, interstitial edema, hyperemia, and PMN infiltrate. It is noteworthy that this combined treatment abolished the enlargement of alveolar walls in the lung as well as the inflammatory infiltrate in the surrounding areas of acinar necrosis (Fig. 3) . Consequently, the combined treatment markedly reduced the combined histologic scoring of severity associated with AP both in pancreas and lung (Fig. 4) .
AP Treatment and MAPK Phosphorylation
The effects of treatments on MAPK phosphorylation in the pancreas were assessed 30 minutes after AP induction, when the maximal phosphorylation of the 3 major MAPKs was found.
Our results show that oxypurinol prevented p38 phosphorylation (P ϭ 0.001) ( Fig. 5A ), whereas pentoxifylline avoided phosphorylation of JNK (P ϭ 0.001) ( Fig. 5B ) and erk 1/2 (P ϭ 0.019) (Fig. 5C ). The combined treatment with pentoxifylline and oxypurinol led to simultaneous blockade of these 3 MAPKs (P ϭ 0.0001 for p38 and JNK; P ϭ 0.049 for erk) (Figs. 5, A-C).
Mortality Study
The survival curve shows that the combined treatment increased the survivorship significantly (P ϭ 0.047), at 4 days after taurocholate-induced pancreatitis (Fig. 6) . Indeed, the percentage of survival was 80% (n ϭ 30) after taurocholateinduced pancreatitis, whereas it was 96.7% (ie, only 1 rat died out of 30) when the treatment with oxypurinol and pentoxifylline was administered after taurocholate infusion. Hence, this combined treatment significantly reduced the mortality associated with AP in our experimental model.
DISCUSSION
The role of oxidative stress in the pathogenesis of AP and the potential benefits of antioxidants have been the subjects of numerous studies. 22, 23 However, recent evidence indicates that oxygen free radicals act as mediators of tissue damage rather than being the initiation event in AP. 5 On the other hand, oxygen free radicals have been found to be involved in the systemic response associated with AP, especially in lung inflammation. It has been reported that oxygen free radicals generated by XO mediate the up-regulation of P-selectin in lung during AP, 25, 38 which triggers leukocyte recruitment.
Regarding the profile of plasma XO activity in the course of AP, we have found that this activity increases initially but decreases toward control values at 6 hours and thereafter. This subsequent reduction in plasma enzyme activity may be caused by XO binding to endothelial cell glycosaminoglycans. 39 In the present study, inhibition of XO with oxypurinol has no effect on serum lipase activity, which indicates that free radicals generated by XO have a little effect on this parameter. In contrast, oxypurinol treatment partially reduced the rise in lung MPO activity and PMN infiltration. These results agree with previous reports indicating a role for XO triggering neutrophil infiltration into the lung. 4 Much experimental evidence obtained so far demonstrates that pro-inflammatory cytokines, such as TNF-␣, are involved in the pathogenesis of AP. 9,10 TNF-␣ is detected in plasma early in the course of AP, and pretreatment of rats with an antibody against TNF-␣ reduced high serum amylase in AP. 17, 18 Pentoxifylline exhibits marked anti-inflammatory properties mediated by inhibition of TNF-␣ production. 40 -42 Blockade of TNF-␣ production with pentoxifylline has already been shown to partially prevent glutathione depletion and pancreatic inflammation in cerulein-induced AP. 19 In the present study, pentoxifylline completely prevented the increase in serum total TNF-␣ levels found in taurocholate-induced pancreatitis. This effect was associated with a partial reduction of ascites, lung MPO activity, and inflammatory infiltrate. Nevertheless, inhibition of TNF-␣ production did not prevent the increase in serum lipase activity. Simultaneous inhibition of XO and TNF-␣ production with oxypurinol and pentoxifylline abolished the inflammatory changes associated with taurocholate-induced pancreatitis. This combined treatment almost completely prevented ascites as well as the increase in lung MPO activity. In addition, histology revealed a large reduction in the inflammation and damage both in the pancreas and lung when rats received this treatment. It is noteworthy that the combined treatment eventually resulted in a significant decrease in the mortality rate. Oxidative stress and TNF-␣ seem to potentiate each other, generating a vicious circle in the course of AP. TNF-␣ intensifies oxidative stress through different mechanisms: 1) conversion of xanthine dehydrogenase to XO in endothelial cells; 43 2) increasing the mitochondrial production of reactive oxygen species; 44 and 3) promoting chemotaxis and activation of neutrophils. 13 On the other hand, oxidative stress causes activation of MAPK, [45] [46] [47] [48] [49] which are subsequently responsible for induction of TNF-␣ production. 34, 50, 51 Thus, the cross-talk between oxidative stress and pro-inflammatory cytokines leads to an amplification of the local and systemic inflammatory response. In accordance, our results establish that blockade of only 1 of these pathways is not enough to achieve an effective treatment.
Oxidative stress and pro-inflammatory cytokines trigger common signal transduction pathways involved in the inflammatory cascade, particularly through activation of MAPK, such as c-Jun N-terminal protein kinase, p38 and extracellular signal-regulated kinases. 26, 47 We have consequently studied the effects of oxypurinol and/or pentoxifylline on phosphorylation in the 3 major families of MAPKs as an index of their activation. Our results show that oxypurinol reduces taurocholate-induced p38 phosphorylation in the pancreatic tissue, whereas pentoxifylline diminishes taurocholate-induced erk 1/2 and JNK phosphorylation. Therefore, the combined treatment decreased activation of the 3 major MAPK families in pancreas. Accordingly, abrogation of the pancreatic inflammatory process may prevent triggering of the systemic response. Nevertheless, since our treatment is systemic, the blockade of MAPKs might also occur in other tissues, such as lung and liver, thus contributing to block the systemic inflammatory process.
Our results suggest that MAPK signaling cascades might constitute major mechanisms leading to pancreatic and systemic inflammation in AP. The p38 pathway would be related to oxidative stress, while erk 1/2 and JNK pathways would apparently be related to pro-inflammatory cytokines. Thus, an effective prevention of acute inflammation is attained only by a simultaneous blockade of these 3 signaling cascades.
In conclusion, simultaneous inhibition of TNF-␣ production and XO abolished the link between oxidative stress and pro-inflammatory cytokines that leads to an amplification of the inflammatory response. This combined treatment largely reduced local and systemic effects in AP and decreased the mortality rate. These effects were associated with reduced activation of the 3 major MAPKs. Any potential therapy should be directed toward simultaneous blockade of both pro-inflammatory cytokines and oxidative stress.
